Phospholipids play multiple roles in cells by establishing the permeability barrier for cells and cell organelles, by providing the matrix for the assembly and function of a wide variety of catalytic processes, by acting as donors in the synthesis of macromolecules, and by actively influencing the functional properties of membrane-associated processes. The function, at the molecular level, of phosphatidylethanolamine, phosphatidylglycerol, and cardiolipin in specific cellular processes is reviewed, with a focus on the results of combined molecular genetic and biochemical studies in Escherichia coli. These results are compared with primarily biochemical data supporting similar functions for these phospholipids in eukaryotic organisms. The wide range of processes in which specific involvement of phospholipids has been documented explains the need for diversity in phospholipid structure and why there are so many membrane lipids.
INTRODUCTION
It is widely recognized that phospholipids play multiple roles in cell processes. Their primary function is to define the permeability barrier of cells and organelles by forming a phospholipid bilayer. This bilayer serves as the matrix and support for a vast array of proteins involved in important functions of the cell such as energy transduction, signal transduction, solute transport, DNA replication, protein targeting and trafficking, cell-cell recognition, secretion, etc. Phospholipids do not play a static role in these processes but are active participants that influence the properties of the proteins associated with the membrane and serve as precursors to important cellular components. Because phospholipids have no inherent catalytic activity, a major challenge has been to develop approaches to investigate the specific role phospholipids play in cellular functions. The majority of evidence establishing functions for phospholipids has been a secondary product of the study of cellular processes in in vitro reconstituted systems. This approach does yield important clues about function but can be fraught with artifact and may lead to conclusions that have no relationship to the in vivo state. Therefore, in vivo approaches are needed to validate the observations made in vitro.
A classic approach to defining in vivo function has been to use genetics. However, genetically dissecting phospholipid function in vivo presents several complications: (a) The genetic approach is indirect because mutations cannot be made directly in a phospholipid but rather must be made in the biosynthetic pathway leading to a particular phospholipid. (b) Mutations in "phospholipid genes" may compromise not only cell integrity but also several cell functions, so elimination of or drastic alteration in the level of a particular phospholipid might be expected to affect many cellular processes simultaneously or, worse yet, to compromise cell integrity before affecting cell function. (c) The more complex the organism and its related phospholipid make-up, the more difficult it is to deal with the limitations imposed by the first two constraints. Fortunately, recent studies utilizing a set of mutants in phospholipid metabolism in Escherichia coli (1) have demonstrated that meaningful data can be obtained using a combined molecular genetic and biochemical approach both to validate functions in vivo initially postulated on the basis of in vitro data and to uncover previously undocumented functions. The successful application of these molecular genetic approaches to E. coli should be generally applicable to more complicated biological systems such as yeast and somatic cells. Although dissecting the molecular basis for phospholipid function will be more difficult in eukaryotic systems than in bacteria, the basic principles underlying the function of phospholipids in E. coli should be relevant to phospholipid function in more complex organisms and will be useful guides in designing experimental approaches in these latter organisms. Because an understanding of the multiple roles of phospholipids in general cell physiology and specific cellular processes is essential for understanding normal cell function, information of this type also lies at the core of understanding cellular dysfunction.
In this review, I concentrate on those findings in E. coli for which genetic approaches in concert with biochemical studies have resulted in detailed understanding of phospholipid functions at the molecular level. Important contributions from other bacterial systems are noted, as well as those from both yeast and somatic cell systems about which much of what is known is based on in vitro biochemical studies. The role of phospholipids as messengers in signal transduction is not covered because many excellent reviews (2-5) are available on this subject, and genetic approaches have not been used extensively to validate in vivo function.
PHOSPHOLIPID METABOLISM
Initial definition of phospholipid biosynthetic pathways in E. coli was based on biochemical studies reported by Kennedy and coworkers (5a, 5b) . Subsequent genetic analysis of these metabolic pathways has confirmed the biochemical findings, but more important, the detailed development of the genetics of phospholipid metabolism in E. coli has made possible a combined molecular genetic and biochemical approach to define the role of individual phospholipid species at the molecular level (1, 6) . Findings that contribute to a detailed understanding of phospholipid genetics in E. coli (7) (8) (9) are being closely followed by similar information about Saccharomyces cerevisiae (10, 11) . Rapid and dramatic progress is being made in somatic cell systems toward defining the genetics of phospholipid metabolism (12) . Therefore, the approaches currently being applied in prokaryotic systems will shortly be applicable to more complex organisms.
Phospholipid Synthesis in Escherichia coli
In all organisms, phospholipid biosynthesis (see Figure 1 ) begins with two acylation steps of sn-glycerol-3-P to form phosphatidic acid [see (8) for the most recent descriptions of genes and gene products in E. coli]. Genetic manipulation at the first acyltransferase (encoded by the plsB gene) can be used to affect the protein-to-phospholipid ratio of the cell membrane of E. coli, but only a limited number of studies on cell properties have been reported (13, 14) in which this ratio has been altered. In bacteria, phosphatidic acid (PA) is converted ( Step a) Figure 1 Phospholipid biosynthetic pathway in E. coli and the associated genes. The substituents attached to the "X" position of phosphatidic acid define the various phospholipids listed. The substituent for CDP-DAG is CMP and for CL, phosphatidylglycerol. The gene encoding the enzyme catalyzing each step is listed.
to the central liponucleotide intermediate CDP-diacylglycerol (CDP-DAG), which is the precursor (Steps b and c) to the major zwitterionic phospholipid phosphatidylethanolamine (PE), found in gram-negative bacteria such as E. coli and gram-positive bacteria represented by the Bacilli (15) ; the major anionic phospholipids phosphatidylglycerol (PG) and cardiolipin (CL) are found in almost all bacteria (Steps d-f). Gram-negative bacteria with a high content of unsaturated fatty acids and intracellular membrane systems contain phosphatidylcholine (PC) (16) , which is made by methylation of PE via S-adenosyl methionine as in the photosynthetic organism Rhodobacter sphaeroides (17) . Many gram-positive bacteria lack PE and PC but contain derivatives of PG in which one of the free hydroxyls of glycerol is acylated with an amino acid transferred from amino acyl tRNA (18) , resulting in either a zwitterionic or net positively charged phospholipid; several species of bacilli have been shown to contain these derivatives of PG in addition to PE (15) . Little is known about the function and properties of these phospholipids. Gram-positive bacteria lacking PE usually contain high levels of uncharged diacylglycerols with mono-and disaccharides at the sn-3 position (19) (20) (21) ; the function of these lipids is discussed later. Gram-negative organisms contain an additional class of phosphate-containing lipids that are the lipid A-based (β, 1 -6-linked disaccharide of glucosamine decorated with six fatty acids and two phosphates) portion of lipopolysaccharide (LPS) (22) and make up the outer lipid monolayer of the outer membrane (23) ; phospholipids make up the inner monolayer of the outer membrane and the bilayer of the inner membrane (24) .
The head-group composition of the phospholipids of E. coli is relatively invariant under a broad spectrum of growth conditions (PE at 70-80%, PG at 20-25%, and CL at 5% or less); only CL levels rise, at the expense of PG, as cells enter the stationary phase (25) . Position 1 of the phospholipid backbone is occupied predominately by palmitic acid, and position 2 by the dominant monounsaturated fatty acids palmitoleic and cis-vaccenic acids (8) . In cells grown at 37
• C, the ratio of saturated to unsaturated fatty acids is about 1:1, but at 17
• C the ratio is about 1:2 (26) . If one considers the added diversity of different chain lengths for fatty acids, and fatty acids with varying degrees of saturation, then the number of individual phospholipid species even in a simple prokaryotic organism such as E. coli is in the hundreds (7, 27) , even though the major phospholipid classes account for 95% of the total glycerophosphatebased phospholipids. Since most of these individual phospholipid species can form a bilayer permeability barrier under physiological conditions, why are there so many phospholipid species, and what is the molecular basis for the wide diversity in membrane phospholipid structure?
E. coli does not readily take up phospholipids from the growth medium (28), so isolation of phospholipid auxotrophs has not been an effective mutant screening technique, although a mutant with an elevated Michaelis constant for the first acyltransferase is a glycerol-3-phosphate auxotroph (13) . The isolation of the first mutations in the pssA, pgsA, and cds genes relied on massive screening by autoradiography of colonies defective in in situ phospholipid synthesis (6) rather than on screening and selection for defects in in vivo biosynthesis. Subsequent cloning of these genes led to large overproduction of gene products and construction of mutants carrying null alleles of pssA (29) (Step b) and pgsA (30) (Step d). Expression of the pssA or pgsA gene under conditions that allowed the measurement of limiting levels of gene product necessary to maintain normal phospholipid composition indicated that these enzymes are produced in large excess over the minimum required to sustain growth. Regulation of phospholipid metabolism appears to occur not at the level of gene expression but at the point of enzyme regulation. It is remarkable that for all of the enzymes responsible for phospholipid biosynthesis, overproduction of 10-to 100-fold has little effect on total phospholipid content or phospholipid composition (7) . The only effective means of significantly altering E. coli phospholipid composition has been to decrease the level of functional gene product. Even with large alterations in phospholipid composition brought about by genetic manipulation, E. coli cells are surprisingly resilient and remain viable under defined conditions, which has made possible the correlation of cell phenotypes other than loss of membrane barrier function or cell viability with a particular phospholipid content or composition. Therefore, important progress has been possible in defining the roles of PE, PG, and CL in E. coli.
About 5% of the head group of PE and 25% of the head group of PG turn over per generation. The inner core of LPS is decorated with ethanolamine phosphate and ethanolamine pyrophosphate, which are derived directly from the head group of PE (31) . A major end product of the turnover in PE and PG is the decoration of the periplasmic membrane-derived oligosaccharides (MDO) with ethanolamine-P (not shown in Figure 1 ) and sn-1-glycerol-P (Step g), respectively, by direct transfer from phospholipid (32) . Although stabilization of the cell against changes in the osmolarity of the growth medium appears to be a function of MDO, MDO is not essential, presumably owing to multiple mechanisms to deal with such changes. The lipid byproduct of MDO synthesis is DAG, which is recycled back to PA (Step h) by a specific DAG kinase encoded by the dgk gene. The dgk gene is normally not essential except under conditions of low osmolarity or artificial stimulation of the DAG cycle resulting in high accumulation of DAG, which is detrimental (33) . Thus far DAG has not been associated with any regulatory process in E. coli, but it is interesting that E. coli has a cycle (7) analogous to the phosphatidylinositol (PI) signaling pathway of eukaryotic cells (2, 3) involving DAG, and an anionic phospholipid (PG instead of PI) that responds to external signals such as changes in osmolarity.
Additional turnover of PG and PE comes from the posttranslational modification of several lipoproteins, of which the major outer membrane lipoprotein (lpp gene product) is the best studied (34) . More than 70,000 copies of this protein are in the cell envelope (23) . Recently this posttranslational event was established to be a transfer of DAG from PG to form a thioether linkage to a cysteine residue near the N-terminus of the preprotein form of the lipoprotein (35) prior to removal of the signal sequence N-terminal to the modified cysteine. The newly exposed N-terminal cysteine is N-acylated by fatty acid from the 1-position of the phospholipid pool (36); due to its predominance, PE is the major donor (37) . This protein is assembled in trimers associated with the inner monolayer of the outer membrane minimally through its lipid moiety, and roughly one third of the monomers are covalently bound via their C-terminus to the peptidoglycan (34) . Although cells lacking this protein are viable, they have a distorted outer membrane and leak many of the periplasmic components. Among the many other similar lipoproteins, some may be essential, or loss of these proteins as a whole may be lethal (34) .
Only a limited number of mutants or genes relating to phospholipid metabolism in other bacteria have been isolated. R. sphaeroides is a gram-negative bacterium that contains PC and sulfolipids also found in plants. At low oxygen tension this organism undergoes a differentiation of the cytoplasmic membrane with the formation of an intracytoplasmic membrane containing the newly synthesized photosynthetic machinery utilized for energy production under these conditions (38) . Pre-existing phospholipids are transferred from the cytoplasmic membrane to the intracytoplasmic membrane at specific times during the life cycle, whereas the proteins of this latter membrane are continually inserted. Sulfolipids and PC might be expected to play some role in photoheterotrophic growth of this organism, but mutants defective in their synthesis have no obvious phenotypes (17, 39) . The methylase responsible for PC biosynthesis has been cloned and functionally expressed in E. coli (17) . The presence of PC at 20% of the total phospholipid had no apparent effect on E. coli cells. Therefore, heterologous expression of eukaryotic membrane proteins in E. coli either with or without PC could be used to study the potential role of PC in both their assembly and function. Because PI can also reach up to 20% of E. coli phospholipids with no apparent deleterious effect by introduction of the yeast gene encoding PI synthase (40) , similar experiments are possible to probe the requirements for PI by specific eukaryotic proteins. The pssA gene homologue has been identified and cloned from Bacillus subtilis (41) . Although the B. subtilis gene can functionally replace the E. coli gene, the former gene product appears to function quite differently in E. coli. Rather than remaining at 70-80%, PE levels are over 90% when the B. subtilis enzyme replaces the E. coli enzyme, further supporting the conclusion that much of the regulation of E. coli phospholipid metabolism occurs at the level of enzyme regulation. This experiment again demonstrates the added information gained from such heterologous expression of genes encoding phospholipid biosynthetic enzymes. On the other hand, the R. sphaeroides pgsA gene functionally replaces the E. coli gene with no apparent change in E. coli properties (42) .
With further development of the genetics of phospholipid metabolism in diverse organisms, the ability to manipulate and design membrane architecture will expand. Heterologous expression of gene products from more complex systems in bacteria with controlled phospholipid composition has great potential to expand our understanding of the structure and function of membrane proteins from more complex organisms.
Phospholipid Synthesis in Eukaryotic Organisms
Phospholipid metabolism in eukaryotic cells (Figure 2 ) is quite similar to the bacterial pathways but more complex, owing to the added diversity in phospholipid head-group and fatty-acid composition in eukaryotic cells and, in some cases, to the presence of multiple isoforms for the activities associated with phospholipid synthesis [see (10) (11) (12) 43) Step 1) and CDP-DAG (Step 9); the former leads to PC (Steps 2 and 4) and PE (Steps 3 and 5) via the CDP-choline (CDP-Cho) and CDPethanolamine (CDP-EtNH 2 ) pathways, respectively, and the latter leads to PI (Step 10) and the mitochondrial phospholipids PG and CL (Step 11). The CTP:phosphocholine cytidylyltransferase (the second reaction in Step 4) has been the target of intense study because this enzyme is the rate limiting determinant in PC biosynthesis (12) . The gene encoding this activity has been isolated from yeast (44) , and several cDNAs from mammalian sources are available (45, 46) ; there appears to be only one isoform derived from each gene. PI is the precursor to the polyphosphorylated inositols central to lipid-dependent signal transduction. Phosphatidylserine (PS) decarboxylation (Step 8) and the methylation of PE (Step 6) occur in all eukaryotic cells. Synthesis of phospholipids in yeast proceeds by the same pathways as in somatic cells, but in addition yeast has the prokaryotic system for making PS from CDP-DAG (Step 12), which is missing in all higher eukaryotic cells. Somatic cells synthesize PS by head-group exchange between PE or PC and serine (Step 7); mutants of and cDNAs encoding these exchange enzymes have been isolated (47, 48) . The recent completion of the yeast genome sequence and the growing library of somatic cell cDNA sequences will result in a rapid expansion in the cataloging of homologous genes and eventual identification of many of these genes in somatic cells responsible for phospholipid biosynthesis. Using sequence homologies between species has already lead to the identification and cloning of genes or cDNAs encoding CDP-DAG synthases (Step 9) in yeast (49) , Drosophila (50) , and humans (51). Similarly, genes or cDNAs encoding PS decarboxylases (Step 8) have been isolated from yeast (52) (53) (54) (55) , Chinese hamster ovary cells (56) , and humans (PJ Trotter & DR Voelker, unpublished results). The initial mutants in yeast phospholipid metabolism were choline auxotrophs that proved to be mutants in the CHO1/PSS gene (encodes PS synthase, Step 12) that could be bypassed in media containing choline through utilization of the CDP choline-dependent (Step 2) pathway (11) . PSD mutants (Step 8) were not identified in these screens because two nonhomologous genes encode PS decarboxylases (54, 55) . Although these two gene products have different subcellular locations-PSD1 gene product in the inner mitochondrial membrane and PSD2 gene product in a vacuolar-like organelle-they still substitute for each other. Why two nonhomologous decarboxylases with different locations are required by cells is still not clear but may be related to a need for phospholipid synthesis in several organelles of the cell rather than just at the major sites of synthesis, i.e. the endoplasmic reticulum and the mitochondria. In Drosophila, there are multiple isoforms of CDP-DAG synthase (Step 9), apparently made by alternate RNA splicing paths from a single CDS gene transcript (50) . A mutant in one isoform specific to the photoreceptor membrane of the eye dramatically affects PI-dependent signal transduction and photoactivated responses resulting in blindness. CDP-DAG metabolism appears to be normal in other membranes and cells of this mutant. In the CDS and PSD examples, a genetic approach was used to selectively inactivate an organelle-specific pathway of phospholipid synthesis, allowing the dissection of multiple pathways and the roles of specific phospholipids in individual organelles.
Targeting mitochondrial phospholipid metabolism has the greatest potential for defining phospholipid function in specific processes in eukaryotic cells. Particularly in yeast, cells are viable with mitochondria that are dysfunctional in many mitochondrial-localized processes, and CL has been thought to be essential for many of these functions. Peroxidation of CL and reduction in the steady state content of mitochondrial CL have been associated with several disease states (57) . Many of these potential roles for CL can be tested once the appropriate mutants in CL synthesis are available.
FUNCTIONS OF ANIONIC PHOSPHOLIPIDS
In most membrane systems, the balance of charged phospholipids favors the zwitterionic phospholipids (or uncharged DAG sugars), as less than 30% of the membrane phospholipids are anionic. Evidence from a broad range of organisms and systems supports the involvement of anionic phospholipid head groups in the membrane association of many cytoplasmic proteins. Detergent phospholipid mixed micelles and the application of substrate dilution kinetics (58) were used to define the specific role and stoichiometry of the association of protein kinase Cs with, and their activation by, a complex of PS, DAG, and Ca 2+ (2, 3) . Membrane association results in a large conformational change in the kinases that exposes the active site and activates the enzymes. Whether islands of anionic phospholipids exist in membranes or are induced by association of positively charged domains of peripheral membrane proteins is not clear, but such segregation of negative charges would afford a more attractive binding site than segregation of zwitterionic phospholipids.
Roles of Phosphatidylglycerol and Cardiolipin
PG and CL are found in virtually all bacterial membranes but are largely confined to the mitochondrial membrane of eukaryotic cells. Specific requirements for the membrane association and activation of cytoplasmic proteins of E. coli have been demonstrated for these lipids, but because null mutants in the cls gene (which contain less than 0.1% CL) show few phenotypes (25) , these functions can be assumed by PG alone. The development of a useful "biological reagent" in which the anionic phospholipid content of E. coli can be regulated has supplied the in vivo evidence for the involvement of PG in several processes. First, the construction of a null allele of the pgsA gene ( Figure 1, Step d) established that anionic phospholipids are essential to E. coli (30) . Because the mutant cells were not viable, it was not possible to determine the molecular basis for this requirement. Next, a single copy of the pgsA gene (59) was placed under regulation of lacOP (lactose operator-promoter) so that the level of pgsA gene expression and thus the steady state level of anionic phospholipids, PG and CL, could be varied as a function of the specific inducer of the lacOP, isopropyl thiogalactoside (IPTG). In such cells, the level of these two phospholipids can be varied from about 3% (below the limiting level necessary for growth of a wild type strain) to 20%. Surprisingly, only cell growth and not cell viability is dependent on the anionic phospholipid content. This result indicates that lack of PG does not compromise membrane integrity but does limit other functions. One such function is a source of components for modification of other membrane constituents, primarily MDO ( Figure 1, Step g) and the lipoproteins. However, mutations in MDO synthesis (32) or the major outer membrane lipoprotein (34) are not lethal. A mutation lacking the major outer membrane protein (lpp gene product) is a suppressor of "leaky" pgsA mutants (60), i.e. mutants that still express low levels of synthase activity, which include the lacOP-pgsA mutant grown in the absence of IPTG (59); pgsA null mutants are not suppressed by lack of lipoprotein synthesis (30) . Therefore, E. coli has an absolute requirement for PG, but there are several processes that require PG at different levels. Lack of lipoprotein appears to relieve a drain on the limited PG pool in leaky pgsA mutants, allowing functions necessary for cell growth to proceed. Using this biological reagent to control cellular PG content, it has been possible to identify some of these functions of PG by both verifying in vitro observations on the putative needs for anionic phospholipids and characterizing the molecular basis for phenotypes observed in cells with low PG.
INITIATION OF DNA REPLICATION In E. coli, extensive biochemical and morphological evidence exists for association of the genome with the membrane at the initiation, elongation, and termination sites (61, 62) . In vitro evidence supports a requirement of anionic phospholipids in the initiation of DNA replication dependent on the DnaA protein (63) (64) (65) (66) (67) . DnaA protein in association with either ATP or ADP (with equally high affinity and slow off rates) binds specifically to the DNA sequence at the initiation site (oriC) for DNA replication. Only the ATP form allows the remainder of the initiation complex to form at oriC and replication to begin. Slow conversion of ATP to ADP associated with DnaA protein bound to oriC inhibits continuous rounds of initiation of DNA replication. However, addition of PG or CL was found to stimulate continuous rounds of initiation; highly saturated phospholipids were not effective (68) , which is consistent with the inhibition of initiation when fatty acid auxotrophs of E. coli are grown on saturated fatty acids (69) . The mechanistic basis for this stimulation in vitro appears to be association of DnaA protein with anionic phospholipid-containing vesicles resulting in an increase in the rate of ADP/ATP exchange, which allows reactivation of DnaA protein for subsequent rounds of replication. Although the in vitro data supported involvement of PG and/or CL in initiation of DNA replication, the effect was not anionic phospholipid-species specific and could even be induced using nonionic detergents. Therefore, in vivo evidence was needed to establish the physiological significance of these observations. If PG is necessary for DnaA protein function, then established suppressor mutations that bypass the need for DnaA protein should also suppress the IPTGgrowth dependence of cells expressing the pgsA gene under lacOP control (70) . Mutations in RNase HI (rnhA gene) bypass DnaA protein-dependent initiation at oriC by allowing constitutive stable DNA replication, i.e. random initiation divorced from cell cycle control (71) (72) (73) . RNase HI normally degrades all RNA primers necessary for initiation of DNA replication, except the one at the oriC site protected by DnaA protein, thereby restricting initiation to oriC. However, if primers are available at several alternate oriT sites, constitutive stable DNA replication will initiate replication at these sites independent of DnaA protein but now dependent on RecA (recA gene) protein (74) . The requirement for RecA protein can be suppressed by an unknown mechanism in a lexA(Def) mutant (75) . Introduction of an rnhA mutation into the above lacOP-pgsA mutant suppressed its IPTG requirement for growth, and this suppression was lost in a recA mutant background (70) . Introduction of a lexA(Def) mutation into the rnhA recA double mutant restored IPTG-independent growth. These mutations had no effect on phospholipid composition or the reduced expression of the pgsA gene. Interestingly, constitutive stable DNA replication cannot support growth of a pgsA null strain even in a lpp mutant background, indicating that some basal level of PG is still required to maintain other functions requiring PG. An ideal mutant to further establish the in vivo relationship between DnaA protein function and anionic phospholipids would be an altered DnaA protein that suppressed the IPTG dependence of the lacOP-pgsA mutant directly.
Further evidence for a critical role of anionic phospholipids in DnaA protein (ATP-bound form) function comes from proteolysis experiments carried out on DnaA protein (76) . Tryptic digestion of the 52-kDa DnaA protein yields a 30-kDa (residues 115-381) fragment in the presence of PG-containing phospholipid vesicles, and a 29-kDa fragment (residues 115-372) in the absence of vesicles. Both fragments retain high affinity for nucleotides, but only the larger fragment interacts with anionic phospholipids (not zwitterionic PC) to release tightly bound nucleotide; a 35-kDa chymotryptic fragment (residues 118-458) behaves similarly to the 30-kDa fragment. Inspection of the amino acid sequence in the region of the 1-kDa difference in the above two digestion products reveals an 18-amino acid stretch that, when displayed as an helical wheel, shows a highly hydrophobic side capable of interacting with the core of the bilayer.
The specificity of functional interaction of DnaA protein with phospholipids is in marked contrast to the highly specific interaction of protein kinase Cs with PS and DAG (2) . In vitro, the minimum requirement for activation of DnaA protein appears to be a fluid membrane surface with a net negative charge. Non-E. coli lipids such as PI, acidic (but not neutral) gangliosides, and acidic sphingolipids will substitute for the major anionic phospholipids of E. coli (76) in affecting the affinity of DnaA protein for ATP in vitro. This lack of specificity would suggest that DnaA protein either recognizes or recruits a domain of several anionic phospholipids on the membrane surface. The identification of a hydrophobic region associated with phospholipid interaction (76) would indicate that DnaA protein may partially insert into the membrane bilayer, following the model for other peripheral membrane proteins (2, 77, 78) . This insertion may provide the energy for a conformational change, resulting in a change in affinity for nucleotides. Further support for clustering of anionic phospholipids in binding and activation of DnaA protein comes from studies with mixtures of model cationic and anionic lipid analogs with similar and different hydrophobic domains (79) . Independent of head-group chemistry, the analogs with similar hydrophobic domains disperse randomly within the surface of vesicles, whereas mixtures of analogs with different hydrophobic domains tend to phase-separate in clusters with similar hydrophobic domains if the energy gained from cluster formation exceeds electrostatic repulsion between like head groups. Anionic lipid analogs and not cationic lipid analogs affect DnaA protein interaction with nucleotides in the same manner as PG and CL. Mixtures of anionic and cationic analogs in which the anionic analogs cluster are an order of magnitude more effective than mixtures that do not cluster. Model studies with multivalent positively charged peptides support a cooperative interaction of the peptides with membranes dependent on the surface concentration of anionic phospholipids (80) . Results with these model systems support a requirement for a critical number of anionic phospholipids to form a DnaA protein binding site, a finding consistent with a required threshold level of PG for initiation of DNA synthesis and cell growth.
NUCLEOTIDE BINDING PROTEINS Is the involvement of anionic phospholipids with DnaA protein an isolated example or a more general phenomenon among DNA binding proteins? Antibodies made against either DNA or CL recognize both DNA and CL (81, 82) . Single-stranded and left-handed Z DNA binding proteins (83) , including RecA protein of E. coli (84) , also show high affinity for PG and CL. SV40 T antigen, the initiator of SV40 DNA replication, is inhibited in vitro specifically by CL out of several anionic and zwitterionic phospholipids tested (85) . Both prokaryotic (86) and eukaryotic (87) DNA topoisomerases I have affinity for anionic phospholipids. The drug chlorpromazine, which binds anionic phospholipids, relieves the inhibition by PG and CL of the in vitro DNA relaxation activity of the enzyme, and addition of chlorpromazine to growing cells relaxes plasmid DNA dependent on the presence of the topoisomerase. These results suggest that inactive enzyme is stored bound to membranes and is activated in response to stimuli that affect membrane phospholipid structure. Associations of anionic phospholipids with mitochondrial and nuclear DNA polymerases have been reported that, in many cases, also resulted in inhibition of function (88, 89) . Finally, the signaling lipid, phosphatidylinositol 4,5-bisphosphate, specifically accelerates GTP/GDP exchange and stimulates GTPase activity when bound to the G-proteins dynamin (90) and ADP-ribosylation factor I (91) in a manner analogous to the effect of anionic phospholipids on DnaA protein interaction with ATP. This abbreviated list of defined effects of anionic phospholipids on enzyme functions shows that serious consideration should be given to more extensive studies on the interaction and effects of anionic phospholipids on many of the enzymes that bind DNA or nucleotides.
TRANSLOCATION OF PROTEINS ACROSS MEMBRANES There are many features common to prokaryotic and eukaryotic cells in the mechanisms for distribution of proteins synthesized in the cytoplasm to their final site of function (92) . Proteins must contain encoded information to direct them to their final location and to interact with the membrane-associated machinery responsible for translocation of these proteins across the membrane of the target organelles. Because membranes are an integral part of these distribution processes, the specific role of phospholipids cannot be ignored. The most detailed understanding of the role of anionic phospholipids at the molecular level in the translocation of proteins across membranes comes from studies in E. coli [see (93, 94) (95, 96) . This translocase complex is composed of the integral membrane proteins SecYEG, which are sufficient for in vitro function, and possibly additional proteins, such as SecD and SecF (97), required for optimal efficiency in vivo. A critical cytoplasmic component of the translocase is SecA, which binds to the chaperone-precursor complex and to SecY, dependent on the presence of anionic phospholipids in the membrane (98) . Translocation of precursor protein is an energy-driven process that uses cycles of ATP binding and hydrolysis to drive a large portion of SecA across the membrane to the periplasmic side (99) and is postulated to be coupled to export of segments of preproteins in association with SecA (93). Thus, not only is SecA bound through anionic phospholipids to the membrane surface, but it is transiently a transmembrane protein. The process is further rendered irreversible by removal of the leader sequence in the periplasm by leader peptidase.
Although considerable in vitro biochemical data suggested that anionic phospholipids may play an important role in protein translocation, definitive in vivo data first came from the observation that in cells (pgsA3 lpp) growing near limiting levels of anionic phospholipids (100), the precursors to outer membrane proteins such as OmpA and PhoE accumulated in the cytoplasm, indicating a significant retardation in their translocation. Reconstitution of protein translocation in vitro using PG-depleted inverted membrane vesicles showed these vesicles to be defective in supporting protein translocation; mutants lacking only CL were normal. The cytoplasmic SecA component of the translocase complex has low ATPase activity, which is activated upon membrane association. In a lacOP-pgsA strain, the rate of translocation of precursors across the membrane in vivo is proportional to the level of IPTG induction of anionic phospholipid biosynthesis (101, 102) . Isolated membranes from cells grown at different IPTG levels demonstrated a direct relationship between their anionic phospholipid content and (a) the affinity of cytoplasmic SecA for isolated membranes, (b) the level of stimulation of latent ATPase activity by these membranes, and (c) the effectiveness of these membranes in supporting in vitro reconstituted protein translocation. Membranes depleted in anionic phospholipids and defective in in vitro protein translocation can be reactivated (102, 103) in a dose-response manner by the incorporation of anionic, but not zwitterionic, phospholipids. As with the DnaA protein, the only requirement is head-group charge with no specificity for structure of the head group.
SecA will bind to anionic phospholipid-containing vesicles and become activated in the absence of other proteins. However, the nature of SecA and its affinity for membranes are enhanced by the assembly of a complete translocation complex including the precursor protein (101, 103) . Hydrolysis of ATP tightly coupled to translocation requires the complete translocase complex (93) , suggesting that SecA association with the membrane is a multistep process. Initial weak association with the membrane appears to be ionic, via positively charged domains on this mostly acidic protein, followed by a conformational change, evidenced by an increased sensitivity to trypsin (78, 104) . Insertion of part of the protein into the membrane has been verified by changes in tryptophan fluorescence (78) and by exposure of the protein on the periplasmic side of the membrane during active protein translocation (99, 105) . Direct insertion into the hydrophobic domain of phospholipid monolayers has been demonstrated, and ATP antagonizes association and penetration of SecA (77) . This membrane association is strengthened and given direction and purpose through the added specificity of association of SecA with the complete translocase complex. Although translocation of preproteins appears to occur through a proteinaceous pore in most membranes (106, 107) , nascent precursor proteins have been shown to come in contact with the core of the phospholipid bilayer at an early step during entry into the endoplasmic reticulum (107) .
Leader sequence association with the membrane appears to involve anionic phospholipids in SecA-independent protein translocation, suggesting that such an interaction may also be important for efficient SecA-dependent protein translocation. Phage M13 procoat protein is translocated across membranes independent of the SecA system. However, this translocation is still dependent on a consensus leader sequence and anionic phospholipids (108) . In model systems, association of procoat with phospholipid vesicles is dependent on acidic phospholipids and the positive character of the leader sequence. Using the lacOP-pgsA strain, a dependence on anionic phospholipids for procoat translocation and formation of coat protein was demonstrated both in vivo and in vitro. Incorporation of anionic phospholipids into PG-depleted membranes restores efficient procoat translocation in vitro. Variation in both the positive charge content of leader sequences of precursor proteins and the anionic phospholipid content of target membranes demonstrated a direct correlation between these two parameters and translocation efficiency (109) . In model phospholipid vesicle systems, the leader sequences of precursor proteins have been demonstrated to bind specifically to anionic phospholipids and insert into the bilayer with the formation of defined helix-break-helix secondary structure (110) (111) (112) ; this structure also appears to be assumed by the leader sequence as part of the complete precursor protein (113) . A theoretical stereochemical analysis of the general structural motifs characteristic of leader peptides and various phospholipids supports the formation of a hydrophobic α-helical leaderpeptide-anionic-phospholipid complex during the insertion and translocation of leader sequences across the membrane (114) . PG showed preference over CL in stabilizing this complex. Therefore, it is quite clear that anionic phospholipids play multiple and specific roles in the complex process of protein translocation in prokaryotic cells.
ANIONIC PHOSPHOLIPIDS IN EUKARYOTIC CELLS There are many examples in the literature, mainly from in vitro studies, of involvement of anionic phospholipids in eukaryotic cells similar to that seen in prokaryotic systems. What is generally lacking is genetic evidence to verify the physiological significance of these in vitro results. Leader sequences for mitochondrial precursor proteins encoded by nuclear genes have a basic/hydrophobic amino acid motif similar to that found in bacteria (92) . These sequences have been shown to interact specifically with anionic phospholipid vesicles as amphipathic helices and insert into the bilayer independent of other protein factors (115) (116) (117) . Import of proteins into mitochondria is inhibited by andriamycin, an antibiotic with high affinity for anionic phospholipids (118, 119) . Such results suggest that anionic phospholipids of the mitochondria (PG and CL in somatic cells and primarily CL in yeast) are involved in assembling the protein translocase of the mitochondria and/or interacting directly with the leader sequences.
Due to its intracellular distribution, CL has been postulated to be an essential and specific component of many mitochondrial functions such as electron transport, ion permeability, membrane integrity, protein import, and solute transport, and has been intensively studied as such (120) . Most of the evidence for the requirement of several mitochondrial proteins for CL comes from extensive purification resulting in loss of activity, which could be restored by the addition of CL. The ADP/ATP carrier, the most abundant protein in mitochondrial membranes, has six CLs tightly bound to lysines and possibly several more loosely associated CLs (121) . Removal of these tightly bound lipids renders the carrier inactive, but activity can be reconstituted by addition of CL. A mutant of the carrier has been isolated that functions normally in vivo but after purification is active only when supplemented with CL (122) . The purified mutant protein was found to contain very little tightly bound CL, suggesting a reduced affinity for CL only revealed when phospholipids are removed during purification. In the presence of Ca 2+ , the ADP/ATP carrier has been shown to also function as a large unselective conductance channel in both isolated mitochondria and in liposomes reconstituted with the purified protein (123) . Since CL has higher affinity for Ca 2+ than for Mg 2+ , it was postulated that specific binding of Ca 2+ to tightly associated CL disrupts its interaction with lysine residues on the protein, resulting in a conformational change that opens the channel. Not considered by the authors is the unique property of CL to form nonbilayer structures in the presence of divalent cations, which may also alter the local lipid structure and induce changes in protein conformation.
The requirement for CL by the cytochrome c oxidase, the terminal enzyme in the oxidative phosphorylation process, has been extensively studied. Its substrate, cytochrome c, also interacts in vitro with CL and PG (124, 125) . CL-depleted cytochrome oxidase (0.2 mol CL per mol) was fully active in the non-ionic detergent Tween 80, but in the absence of detergent, it required phospholipid with a distinct preference for CL over dimyristoyl-PC (126) . Although the tight binding of CL to the oxidase has always been assumed to be due to an essential role in its function, the substitution of Tween 80 indicates that no unique property of CL is necessary for activity. In reconstituted proteoliposomes, CL may have a higher affinity for the surface of the oxidase than other phospholipids. In addition, the interaction of its substrate, cytochrome c, with anionic phospholipid vesicles may play a role in the formation of the enzyme substrate complex. The recently available crystal structure of bovine heart cytochrome oxidase does not show any specifically bound CL, but does show PE and PG specifically bound (127) . Still unresolved in the core of the structure is remaining phosphate-containing material that may be CL.
Preliminary genetic evidence for a role of the anionic phospholipids PG and CL in mitochondrial function is available (128, 129) . Mutants of Chinese hamster ovary cells with a conditionally lethal temperature-sensitive defect in PG/CL biosynthesis have been reported. Mutants shifted to the restrictive temperature showed multiple defects in mitochondrial function. Complex I (rotenone-sensitive NADH oxidase) was the most compromised of the aerobic energy-producing complexes of the mitochondria. The mitochondria also showed gross changes in morphology. Although these lipid mutants have properties similar to those of many mutants of yeast with specific defects in electron transport, they differ in that the lethality of the mutation cannot be suppressed by growth on glucose. Thus, PG and CL are required for more than respiration. The gross morphological changes in the mutant might be related to reduced mitochondrial ATP (the source would then be glycolysis) as a result of a dysfunctional ATP/ADP carrier that appears to require CL for function (122) . Because mammalian mitochondria have significant levels of both PG and CL, the defects in this mutant cannot be attributed specifically to lack of either phospholipid, and as in E. coli, many functions may be supported by either lipid. What is needed are tighter mutants that completely shut off anionic phospholipid biosynthesis, and mutants analogous to the lacOP-pgsA allele of E. coli in which lipid composition can be controlled. Given the complexity of mammalian cells, a better system for studying the role of these anionic phospholipids might be yeast.
FUNCTIONS OF ZWITTERIONIC PHOSPHOLIPIDS
The zwitterionic phospholipids, mainly PC and/or PE, together comprise the majority of the membrane phospholipids of eukaryotic cells, gram-negative bacteria, and many gram-positive bacteria. PC and PE have been treated as interchangeable in many experimental designs. Due to the more desirable physical properties of PC in forming vesicles and defined structures in solution, PC has been preferentially used in many in vitro studies. However, there are significant and important differences in chemistry and properties between these two lipids. PE has a smaller head group, can hydrogen bond through its ionizable amine, and has the unique property shared with divalent cation-CL complexes of undergoing a bilayer-to-nonbilayer physical transition (discussed below) influenced by its fatty acid content and the temperature (130) . Both PC and PE possess a dipole moment across their respective head groups that can be oriented by the membrane electrochemical potential (131) . Since only PE can hydrogen bond, the response to the electrochemical potential would be influenced differently by the immediate environment. It is clear that PC and PE are not exchangeable with respect to their properties, but it is also now clear that they are not functionally exchangeable in supporting biological processes. Therefore, experimental design involving lipids must be governed by the lipid specificity of the system and not by the convenience of using a particular lipid in an in vitro experiment. This is especially true in studies of bacterial systems, such as E. coli, that do not contain PC.
Roles of Phosphatidylethanolamine
The only system in which both genetic and biochemical evidence exists for specific roles of PE in cell function is E. coli. Conditional lethal mutations in the pssA (132, 133) or psd (134) gene of E. coli (Figure 1 , Steps b and c) have established a critical requirement for PE that is not unreasonable because this lipid accounts for the majority of the membrane phospholipids. However, it was observed that supplementation of the growth medium with 20-50 mM Mg 2+ suppressed the growth defect of these mutants, which subsequently grew at considerably reduced levels of PE. The surprising result was that a strain carrying a null allele of pssA is viable dependent on divalent cation supplementation of the growth medium (29) . This mutant lacks PE (<0.1% versus the normal 70-80%) and PS but has a normal fatty acid composition and phospholipid-toprotein ratio. No new phospholipid species were present, although there was some elevation in the minor lipids PA and CDP-DAG. PG and CL account for 90% of the total phospholipid in about equal molar amounts when grown in Mg 2+ or Sr 2+ and in about a 2:1 molar ratio when grown in Ca 2+ (29, 135) . The lipid A component of LPS-to-phospholipid ratio is also normal (J Williamson & CRH Raetz, personal communication), indicating that the outer membrane bilayer is intact. However, the LPS fraction showed altered mobility on sodium dodecyl sulfate (SDS) polyacrylamide gels, indicating a change in charge probably due to lack of decoration with ethanolamine normally derived from PE (136) . Although the mutant grows in rich medium (supplemented with divalent cations) with generation times only twice that of wild type cells, it displays a complex phenotype including filamentous growth. Growth in minimal defined media is very poor and requires supplementation with amino acids including tryptophan. The cells enter the stationary phase at a much reduced cell density, die and lyse when divalent cations are removed, have an increased sensitivity to several antibiotics, have defects in electron transport (137) , are compromised in several secondary transport systems for sugars and amino acids (138) , have defects in the Cpx membrane-associated signal transduction system (139) , and are defective in motility and chemotaxis (140) . Therefore, basic life functions can be maintained without PE, but many normally important but nonessential life processes are compromised. This biological reagent poses on the one hand a challenge to sort out biochemically the complex pleiotropic phenotype of this mutant, but on the other hand it affords an excellent opportunity to relate its phenotypes to in vitro-determined biochemical requirements for PE.
SOLUTE TRANSPORT Detailed evidence shows that PE has a specific involvement in supporting active transport by the lactose permease of E. coli in reconstituted proteoliposomes (141, 142) . Proteoliposomes lacking PE and made from PG and CL could only support facilitated transport by the permease. Interestingly, PC could not substitute for PE in supporting active transport, and monomethyl-and dimethyl-PE were progressively less effective than PE. The turnover of substrate rather than substrate binding was the step requiring unsaturated PE (143) . Lipid composition of these vesicles did not affect the direction or magnitude of an artificially imposed electrochemical gradient across the membranes, but clearly PE was necessary for the permease to couple transport with this gradient. The E. coli mutant carrying the null allele of pssA and lacking PE was used to investigate the requirement for PE for active transport in vivo (138) . Active uptake of both lactose and its analogs was reduced 5-to 10-fold in both rate and extent in PE-deficient cells as compared to the mutant strain carrying a plasmid-borne copy of the pssA gene and normal PE levels. Nonenergy-dependent, facilitated transport was normal in the absence of PE. Uphill efflux from energized inverted membrane vesicles preloaded with substrate was supported by vesicles isolated from PE-containing but not PE-deficient cells. The defect in PE-containing cells and membranes was not due to a reduced proton electrochemical potential across the membrane (137, 138, 144) or to a reduced amount of permease assembled in the membrane.
Several other transport systems have been reported to require or be stimulated by PE. These include the high affinity proline transport protein (145) and the melibiose transport protein of E. coli (146) , the sodium-dependent leucine transport system of Pseudomonas aeruginosa (147) , the branched-chain amino acid carrier of E. coli (148) , and several amino acid transport systems of bacilli species (149) . In the PE-deficient mutant of E. coli, active uptake of proline, tryptophan, and lysine could not be detected (M Bogdanov & W Dowhan, unpublished result). Therefore, the original in vitro observations suggesting a specific role for PE in supporting active transport by the lactose permease, which has now been verified to be important in vivo, appear to be of broad importance to the function of several solute transport systems. The molecular basis for this uncoupling of metabolic energy from solute transport remains to be determined. MEMBRANE PROTEIN ASSEMBLY If large changes in the anionic phospholipid content affect secretion and assembly of membrane proteins, then one might expect additional effects in membranes lacking PE. The SecA-dependent protein translocase system appears to function normally in E. coli lacking PE (144) . However, the requirement for divalent cations is carried over to the in vitro reconstituted system made up of PE-deficient membranes. This requirement appears to be a structural one for CL in membranes lacking PE, which is discussed below in the section on Lipid Polymorphism. However, because the membrane phospholipid matrix replaces the cytoplasm as the solvent for integral membrane proteins, it should not be surprising that phospholipids play a large role in the folding and assembly of membrane proteins.
It is clear that a growing number of auxiliary proteins are required during the assembly of membrane proteins to guide the folding path for the proteins and to aid in the transition from the cytoplasmic to the membrane environment (150) . These chaperones generally maintain a partially unfolded state for the proteins to prevent the initiation of dead-end folding pathways prior to membrane insertion. Therefore, chaperones act in a transient manner during the assembly process but are not required once the protein is assembled. The strict definition of a chaperone excludes the furnishing of additional structural information during the protein assembly process. What has not been considered is whether phospholipids act as molecular chaperones in guiding the assembly process but are no longer necessary once the properly folded state is attained. Certainly the general amphipathic property of all ionic lipids influences and determines membrane protein structure, but this solvent property of phospholipids can be substituted in many cases by detergents once the protein is properly folded. Do individual phospholipid species have specific roles in the membrane protein assembly process?
The lack of full function of lactose permease assembled in the absence of PE appears to be due in part to its misassembly. The first indication of this misassembly came from studies (151) using a monoclonal antibody directed against a conformationally sensitive continuous epitope in the periplasmic loop of the permease between transmembrane domains VII and VIII (152) . Binding of monoclonal antibody to spheroplasts or right-side-out inner membrane vesicles of E. coli uncoupled permease function from the proton electrochemical potential but still allowed facilitated transport, as did assembly of the permease in membranes lacking PE (138) . This monoclonal antibody did not bind to the permease in spheroplasts or right-side membrane vesicles prepared from PE-deficient (pssA null allele) E. coli cells (151). The monoclonal antibody still detected permease from wild type cells after SDS polyacrylamide gel electrophoresis and transfer to a solid support in a standard Western blot analysis, but it did not recognize the permease derived from PE-deficient cells; there appeared to be no phospholipid associated with the permease prior to transfer to the solid support. These results suggest that PE is necessary during the assembly of the permease in order to form the proper conformation within this periplasmic loop, but once formed, PE is no longer necessary to maintain this conformation. Development of a novel adaptation of the Western blot procedure allowed the reconstitution of partially denatured permease in vitro in the presence of phospholipids. Phospholipids were first applied to the solid support (153) prior to transfer of the proteins from the polyacrylamide gel (151). During this transfer, SDS was removed electrophoretically as the partially denatured proteins refolded in the presence of hydrated phospholipids. Remarkably, permease derived from PE-deficient cells regained its conformationally sensitive epitope if renatured specifically in the presence of either total E. coli phospholipids or PE alone. Neither PG, CL, lyso-PE, nor PC could substitute for PE. Therefore, PE appears to be specifically required and sufficient for the proper folding of this conformationally sensitive epitope. Misfolding was not due to the high content of PG and CL but to the lack of a positive determinant (PE) of proper folding. Renaturation of membrane proteins from detergents in the presence of phospholipids has been widely used, but few examples exist of such a specificity for a particular phospholipid. This modified Western blotting procedure utilizing phospholipids should be generally applicable to other membrane proteins to probe lipid-dependent conformations or activities directly on a solid support.
PE appears to play an even more fundamental role in the assembly of the lactose permease in that its presence is required for proper topological organizing of the permease in the inner membrane. Encoded within the primary structure of membrane proteins are topogenic signals that must interact with topological determinants in the membrane and the protein assembly machinery to properly orient the transmembrane helices characteristic of many membrane proteins (105, (154) (155) (156) (157) . Lactose permease structure is a paradigm for secondary transport proteins throughout nature in that it has 12 hydrophobic α-helical transmembrane spanning domains (158, 159) . Orientation of the alternating periplasmic and cytoplasmic hydrophilic loops between these domains follows the general "positive inside rule" in that the net charge for cytoplasmic loops is positive and the net charge for periplasmic loops is either neutral or negative (156) . Several mechanisms have been proposed for attainment of this orientation including charge interaction of the net positive loops with the anionic phospholipids on the cytoplasmic side of the membrane (160). In PE-deficient membranes this interaction would be amplified, so if this were the only factor in determining membrane protein topology, proteins would still be properly oriented. However, at least for the lactose permease, this appears not to be the case. A derivative of the permease containing an engineered Factor Xa protease site in the cytoplasmic domain between transmembrane domains VI and VII is fully functional and assembled properly in PE-containing membranes, as shown by proteolysis studies of oriented membrane vesicles (161) . However, when assembled in PE-deficient membranes, this cytoplasmic domain is now exposed to the periplasmic side of the membrane (162) .
Clearly, not all membrane proteins are misassembled or misoriented in PE-deficient cells. The essential leader peptidase of E. coli has been shown to be properly oriented in PE-deficient membranes (144) . However, the lack of proper functioning of several secondary transport systems in PE-deficient membranes (M Bogdanov & W Dowhan, unpublished results) suggests that additional proteins with structural homology to lactose permease may also be misassembled. Because only a subset of structurally similar proteins may be affected by lack of PE during assembly, specific interactions between topogenic signals on these proteins with a topological determinant in the membrane such as PE may be the missing signal for proper assembly. However, the current data do not rule out an indirect effect of the lack of PE on the integral membrane protein assembly machinery. The assembly of integral membrane proteins is not as well understood as the SecA-dependent translocation of proteins across membranes. Lactose permease assembly appears not to be dependent on the SecA-dependent translocase (164) . However, the export of the periplasmic domain of inner membrane-localized leader peptidase (165) and the export of alkaline phosphatase fused to inner membrane proteins (166) require the SecAdependent translocase complex, which does function normally in PE-deficient cells (144) . So any indirect effect of PE would have to be on the remaining uncharacterized machinery for integral membrane proteins and would only affect a subset of membrane proteins. Uncovering these novel effects of PE on the assembly of the lactose permease in particular and possibly other membrane proteins would have been very difficult without the development of strains of E. coli lacking PE. Now that such effects have been recognized, more detailed studies are warranted to determine the molecular basis for misassembly of proteins in membranes lacking PE.
Several examples of a specific chaperone-like function for lipids have been reported. The nuclear encoded mitochondrial protein rhodanese is assisted in its folding by protein chaperones as well as detergents (167) . Although the denatured protein can be refolded in an active form in the presence of detergent alone, inclusion of CL in the micelles resulted in a slower rate of renaturation but an increased yield of active protein in a CL dose-responsive manner (168); inclusion of PC had no effect on the renaturation process. Denatured but not native rhodanese showed highly specific interaction with CL vesicles apparently trapping a folding intermediate that required the addition of detergent to complete the renaturation process (169, 170) . Therefore, it is possible that CL acts as a molecular chaperone during the movement of rhodanese across the inner mitochondrial membrane and maintains a specific unfolded intermediate that is delivered to chaperones in the matrix of mitochondria to complete the folding process. Similarly, LPS may act as a molecular chaperone in the assembly of outer membrane proteins of E. coli (171) . In vitro synthesis of the outer membrane protein PhoE in the presence of very low amounts of the detergent Triton X-100 results in a transient assembly-competent intermediate that requires the presence of LPS and divalent cation to proceed to a stable folded monomer form of the protein. However, the final assembly of the protein into its native trimer is inhibited by LPS. Incubation of these monomers in the presence of increased amounts of Triton X-100 and purified outer membranes results in formation of the final trimer associated with the membranes with trimerization preceding membrane insertion. These results are consistent with LPS acting transiently as a molecular chaperone in the formation of the stable monomer because dissociation of LPS appears to be required prior to trimerization and insertion into the outer membrane, which of course is the location of previously made LPS. These results are supported by the fact that altered LPS from deep-rough mutants will not support stable monomer formation, but outer membranes from deep-rough mutants are competent recipients of the trimer (171) . Previous data also indicate that newly synthesized LPS, rather than preformed LPS, is necessary for proper assembly of outer membrane proteins (172, 173) .
LIPID POLYMORPHISM
Classical representations of phospholipid organization in membranes (Figure 3) focus on lamellar or bilayer structures such as the ordered gel state (L β ) or fluid liquid crystalline state (L α ). However, some natural phospholipids in vitro can assume nonbilayer structures such as the reversed hexagonal (H II ) phase, as has been documented with X-ray crystallography and nuclear magnetic resonance (NMR) (174) . Although an extensive treatment of the physical chemistry of lipid polymorphism is beyond the scope of this review (see 27, [174] [175] [176] , the dominant structural feature allowing nonbilayer structures for lipids is a small Figure 3 Structural representation of the arrangement of phospholipids. Arrangement of the head-group and fatty-acid domains of phospholipids in the fluid liquid crystalline state (L α ), the ordered gel state (Lβ), and the reversed hexagonal state (H II ). polar head group associated with a large hydrophobic domain, i.e. a cone shape for the lipid. Extensive and permanent amounts of such nonbilayer structures would compromise the barrier function of membranes. However, bilayer lipids have a different intrinsic radius of curvature from nonbilayer lipids, so changes in the proportion of these two types of lipids will change the collective physical properties of the membrane. The H II phase is favored by high temperature and cis-unsaturated fatty acids and can be induced by cholesterol owing to its cone shape (177) . The H II phase potential for a phospholipid mixture can be assessed by determining the T LH (temperature at mid-point) for the transition from lamellar to nonbilayer phase using 31 P NMR (178) . The higher the T LH , the lower the potential to form the H II phase. The T LH , like the T m (temperature at the mid-point of transition) for the L β -to-L α transition, is a measure of a distinct collective property of the phospholipids making up a particular bilayer.
Every biological membrane system has at least one nonbilayer-forming lipid component (27, 174) , so lipid polymorphism is the rule, not the exception, in biological membranes. PC is generally considered a bilayer-forming lipid that only forms nonbilayer structures under extreme conditions or in the presence of nonbilayer-forming lipids. CL and PA in the presence of select divalent cations (mainly Ca 2+ , Mg 2+ , or Sr 2+ , but not Ba 2+ ), PE, and monogalactosyl/monoglucosyl DAGs (MGDG) can form nonbilayer structures under physiological conditions (27) . The latter neutral lipids are found in high concentrations in plants, many gram-positive bacteria that lack PE, and bacteria such as Acholeplasma laidlawii, which also lacks PE and a cell wall. The potential to form nonbilayer structures may provide nonleaky discontinuity in the bilayer structure of membranes for the following important biological functions: membrane fusion and membrane vesicle formation during cell division and vesicle-mediated protein trafficking; integration of nonlipid components into the membrane bilayer; movement of macromolecules through the membrane; lateral movement of macromolecules within the bilayer; stabilization of specific membrane protein complexes; and conformational interconversions necessary to protein function.
Extensive studies of lipid polymorphism have been carried out on A. laidlawii because this organism alters its mixture of bilayer and nonbilayer lipids in response to changes in growth conditions (177) . The ratio of MGDG (nonbilayer forming) to DGDG (the disaccharide form of this nonionic lipid, which only assumes the bilayer configuration) determines the intrinsic radius of curvature of the membrane surface or the H II phase potential to form nonlayer structures within the membrane (179) . The nonbilayer state for MGDG is favored by high temperature and unsaturation in its fatty acids. At a given growth temperature, the MGDG to DGDG ratio is inversely proportional to the unsaturated fatty acid content of MGDG. When cell growth temperature is lowered, A. laidlawii either increases incorporation of unsaturated fatty acids if available in the medium or increases the ratio of MGDG to DGDG to adjust the H II phase potential of its lipids to remain just below the transition from bilayer to nonbilayer. Incorporation of hydrocarbons, alcohols, detergents, and cholesterol into the membranes of this organism also alters the ratio of MGDG to DGDG consistent with maintaining a constant H II phase potential near but below the beginning of the L α to H II phase transition (180) . These adjustments appear to maintain the physical properties of the membrane well within that of the L α state but with a constant potential for forming nonbilayer structures. Bacillus megaterium (181) and Clostridium butyricum (182, 183) , which do not contain MGDG, regulate their membrane lipid polymorphism through the composition of their phospholipid fatty acids.
E. coli phospholipid head-group composition is invariant under a broad range of growth conditions (7) when compared to A. laidlawii, and E. coli maintains its content of primarily nonbilayer forming lipids (PE and CL) within a narrow range (7) . However, complete elimination of PE in E. coli null pssA mutants uncovered regulatory processes that appear to respond to a similar requirement for a constant but low H II phase potential as outlined above for A. laidlawii. PE-deficient E. coli require divalent cations in the following order of effectiveness to support growth: Ca 2+ > Mg 2+ > Sr 2+ (29) ; neither Ba 2+ nor monovalent cations will substitute (135) . Although mutants of E. coli lacking either PE or CL are viable, those lacking both phospholipids are not viable even in the presence of divalent cations. Surprisingly, PE-deficient mutants regulate their CL content in response to the nonbilayer-forming potential of the divalent cation present in the growth medium (135 resulted in a drop in T LH of about 20
• C, which was well below the growth temperature. Suspensions of these phospholipids either in Ba 2+ , in the absence of cations, or in high concentrations of monovalent cations did not undergo an L α to H II phase transition, which paralleled the lack of cell growth under these ionic conditions. The surface charge screening, acyl chain order, and lipid-packing parameters of phospholipids derived from PE-deficient cells were the same in the presence of all divalent cations including Ba 2+ , leaving the nonbilayer transition as the only physical parameter not supported by Ba 2+ (184) . The divalent metal ion effects and requirements appear to be for the outer leaflet of the inner membrane and/or the inner leaflet of the outer membrane, because E. coli actively excludes Ca 2+ and Sr 2+ from the cytoplasm (185), whereas Mg 2+ is normally maintained at high levels inside cells.
Does wild type E. coli adjust the H II phase potential of its phospholipids? Although there is a large literature documenting the importance of a fluid bilayer and the relation of the T m for the membrane lipids to the physiology of E. coli (24) , few experiments have addressed the T LH as a function of growth temperature and phospholipid composition. Optimum cell function and cell viability require the L α phase, which is achieved by maintaining the T m of the phospholipid pool approximately 7-17
• C below the growth temperature (186, 187) through regulation at the biosynthetic level of the degree of unsaturation of the fatty acid pool (188) . However, an equally important property of the bilayer also depends on the degree of unsaturation within primarily the PE fraction that determines the T LH for the membrane lipids (26) . Although the outer membrane is enriched in PE, the T LH for the inner membrane phospholipids from cells grown at several different temperatures is lower than for the total phospholipid pool (inner and outer membrane combined) owing to the enrichment of the inner membrane PE in unsaturated fatty acids, which lowers the T LH . The beginning of the L α to H II phase transition for the inner membrane phospholipid pool is adjusted to be 10-15
• C above the growth temperature of the cells as compared to the total phospholipid pool, beginning at 20-25
• C above the growth temperature. This result indicates that the T LH for the outer membrane phospholipids alone is considerably higher than that of the inner membrane phospholipids, suggesting a specific requirement for nonbilayer-forming potential in the multiple functions of the inner membrane and possibly no requirement for outer membrane function. Wild type E. coli appears to balance unsaturated fatty acid content rather than phospholipid head-group content in order to maintain the L α phase in a window between the two extremes of the L β phase favored by saturated fatty acids and the H II phase favored by unsaturated fatty acids (26) .
It is obvious why prevention of the nonbilayer state is essential, but it is not immediately apparent why H II phase potential is necessary. However, the divalent cation effects on mutants lacking PE strongly support a biological requirement for H II phase potential even when the lipids are in the L α phase. As noted earlier, PE-deficient cells carry out normal protein translocation, but inner membrane vesicles isolated from these cells require the nonbilayer-inducing cations to be functional in protein translocation (144) . In particular, the divalent cation is required on the inside of inverted membrane vesicles (periplasmic side) and can be partially compensated for in vitro by introduction of nonbilayerforming PE-derivatives into the vesicle membranes, but not by derivatives of PE (or PC) that cannot assume a nonbilayer configuration. The PE-deficient mutant grown in the presence of Mg 2+ and then suspended in Ca 2+ under conditions that would favor the H II phase for its lipids showed no disruption of the normal bilayer structure through formation of the H II phase as visualized by electron microscopy (189) . However, introduction of Ca 2+ into the cytoplasm using an ionophore resulted in large physical changes in the inner membrane and the formation of structures characteristic of the H II phase. Therefore, the inner leaflet of the inner membrane was able to maintain a bilayer structure in the face of the large nonbilayer potential imposed on the outer leaflet by the presence of Ca 2+ . A similar scenario probably takes place at the outer membrane with the inner phospholipid leaflet possessing high nonbilayer potential (due to high PE content in wild type cells or CL in the mutant) while maintaining a bilayer configuration imposed by the outer leaflet monolayer of lipid A.
Several recent reports have also suggested a role for H II phase potential in eukaryotic cells. CL is the most effective activator of the mitochondrial cytochrome P450SCC, but saturated branched-chain derivatives of PC that mimic the phospholipid polymorphic properties of CL are equally effective activators (190) , indicating that the physical properties of the lipid are more important than the head-group charge. Anthracyclines such as daunomycin are effective antitumor drugs that appear to work without entering the cell. In model phospholipid studies, daunomycin significantly increased T LH but had no effect on T m (191) , thus reducing the H II phase potential. Vesicle fusion and aggregation, also dependent on nonbilayer forming lipids, were markedly decreased by daunomycin. Treatment of cells with daunomycin decreased significantly the content of plasma membrane-associated G-proteins and protein kinases. These effects were reflected in an uncoupling of ligand binding to specific receptors, which normally results in receptor association with target G-proteins. Purified protein kinase C activity is influenced by both its lipid effector molecules (2) and the physical nature of the supporting membrane made up of PC, PE, and cholesterol. No correlation between activity and lipid packing or fluidity was found. However, a clear correlation and narrow bell-shaped dependence of activity on the bilayer intrinsic radius of curvature was found (192) . Therefore, protein kinase C activity would be responsive to small changes in the degree of lipid saturation, in the level of PE or cholesterol, and in lipid soluble materials such as drugs, alcohols, and anesthetics. A similar conclusion has been drawn for the factors that determine the membrane association and activity of CTP:phosphocholine cytidylyltransferase in eukaryotic cells (193) . This enzymatic activity is modulated by a broad range of factors that affect the polymorphic properties of membrane lipids. Formation of the H II phase may be an important property of lung surfactant in forming a lipid monolayer at the air-water interface, which is lacking in infants with respiratory deficiency syndrome. In model monolayer systems, bilayer-forming lipids [dipalmitoyl(DP)-PC] move slowly to the air-water interface, but incorporation of H II -forming lipids [dioleoyl(DO)-PE] and conditions favoring this latter phase result in rapid movement of the lipid mixture to the air-water interface (194) . Mixtures of DPPC, DOPE, and cholesterol (to maintain miscibility of these two phospholipids) at temperatures favoring the lamellar phase move slowly to the interface, but at temperatures above the T LH , movement is rapid. Introduction of such artificial lipid mixtures into preterm rabbits works as well as human surfactant in restoring respiration efficiency and in substituting for natural surfactant missing at this stage of development.
Clearly, the physical state of the membrane phospholipids profoundly affects membrane-associated processes. The liquid crystalline state for membrane phospholipids and a bilayer configuration have been widely recognized as essential to normal membrane phospholipid function. Although nonbilayer structures must be minimized, polymorphic structural potential is a requirement of biological membranes. The strain introduced into the curvature of the bilayer, the potential derived from the confinement of H II -forming lipids in a bilayer, and possibly the actual formation of nonbilayer structures on a transient basis are a result of the diverse spectrum of naturally occurring lipid mixtures.
SUMMARY AND FUTURE DIRECTIONS
A large body of information documents putative functions of phospholipids that either collectively or individually participate in and influence cellular processes. It is now clear that genetic manipulation of phospholipid metabolism can provide the in vivo information to both verify and extend in vitro observations on the functions of phospholipids. The genetic approach has the limitations of being indirect and pleiotropic in the processes affected. However, with properly controlled experiments and in combination with biochemical approaches, significant progress has been made in simple prokaryotic systems to define at the molecular level the requirements of phospholipids in several processes. Three major roles for phospholipids have emerged from these studies. Anionic phospholipids, either through charge alone or through the greater specificity of charge and structure, provide the membrane with organizational sites for multisubunit complexes composed of both integral membrane proteins and cytoplasmic proteins. Next, studies have shown that not all zwitterionic phospholipids are alike, and PE in particular has emerged as one that possesses special properties required for membrane protein assembly and for enzyme function. PE and PC should certainly not be thought of as interchangeable in in vitro studies. Finally, the importance of phospholipid polymorphism has been reinforced by the finding that the collective physical properties of membranes significantly influence processes as diverse as conformational changes in enzymes and cell division.
With the rapid expansion of genes available from yeast and mammalian systems and the ability to synthesize eukaryotic-specific phospholipids in E. coli, new biological reagents will be available to define the role of phospholipids in more complex systems using the approaches now possible in E. coli. Biochemical studies, coupled with regulated expression of genes responsible for the synthesis of phospholipids in specific organelles and genes that make specific isozymes, are exciting approaches to better defining the roles of phospholipids and dissecting the complex interrelationship of metabolism and metabolic signaling in eukaryotic cells.
ACKNOWLEDGMENTS
The preparation of this review and the author's own cited work was supported in part by NIH grant GM 20478. The author wishes to acknowledge the contributions of Eugene P. Kennedy in defining phospholipid metabolism in eukaryotic and prokaryotic systems.
